The mass and semimajor axis distribution of gas giants in exoplanetary systems obtained by radial velocity surveys shows that super-jupiter-mass planets are piled up at 1 au, while jupiter/sub-jupiter-mass planets are broadly distributed from ∼ 0.03 au to beyond 1 au. This feature has not been explained by theoretical predictions. In order to reconcile this inconsistency, we investigate evolution of gas giants with a new type II migration formula by Kanagawa et al. (2018) , by comparing the migration, growth timescales of gas giants, and disk lifetime, and by population synthesis simulation. While the classical migration model assumes that a gas giant opens up a clear gap in the protoplanetary disk and the planet migration is tied to the disk gas accretion, recent high-resolution simulations show that the migration of gap-opening planets is decoupled from the disk gas accretion and Kanagawa et al. (2018) proposed that type II migration speed is nothing other than type I migration speed with the reduced disk gas surface density in the gap. We show that with this new formula, type II migration is significantly reduced for super-jupiter-mass planets, if the disk accretion is driven by the disk wind as suggested by recent MHD simulations. Population synthesis simulations show that super-jupiter-mass planets remain at 1 au without any additional ingredient such as disk photoevaporation. Therefore, the mystery of the pile-up of gas giants at 1 au will be theoretically solved if the new formula is confirmed and wind-driven disk accretion dominates.
Introduction
Radial velocity (RV) surveys show that more than 10% of solar-type stars have gas giant planets (e.g., Cumming et al. 2008 ). The RV data (Fig. 1) show that gas giants-in particular, super-jupiter-mass planets-are piled up beyond 1 au in exoplanetary systems, while 1% of solartype stars have "hot jupiters" with the semimajor axes a 0.1 au. Type II migration is one of the promising mechanisms to account for the small semimajor axes of hot jupiters (e.g., Lin et al. 1996) , although they can also be formed by planet-planet scattering followed by tidal circularization (e.g., Rasio & Ford 1996; Nagasawa et al. 2008; Winn et al. 2010) . 
and astronomical unit (au). The shaded region expresses the parameter space where it is not easy to detect planets with the current surveys. The planets in our solar systems are also plotted as a reference.
In the classical model of type II migration, a giant planet opens up a gap in the protoplanetary disk and its migration is tied to global disk accretion (e.g., Lin & Papaloizou 1986) . It is assumed that disk gas does not cross the gap. However, in this case, the migration timescale is equal to the local viscous diffusion timescale, which is generally much shorter than the global disk diffusion timescale (disk lifetime). It is predicted that most of the gas giants become hot jupiters (e.g., Ida & Lin 2008; Hasegawa & Ida 2013; Bitsch et al. 2015) and it is apparently inconsistent with the RV data. Figure 1 shows the mass and semimajor axis distribution of exoplanets discovered by RV surveys. To remove strong observational bias toward close-in orbits, the planets discovered by transit survey are not included. This plot clearly shows that most of planets with more than Jupiter mass (M J ) are located beyond 1 au and, compared with the population, hot jupiters are rather rare.
In the final phase of disk evolution in which planets can become more massive than the remaining disk mass, the disk cannot sufficiently subtract the planetary orbital angular momentum and the migration is slowed down ("planet-dominated" migration). However, the contribution of the final phase to the total migration is very limited (Hasegawa & Ida 2013) .
In the population synthesis simulations by Ida & Lin (Ida & Lin 2004a ,b, 2005 , 2010 Ida et al. 2013 ), which will be referred to as "IL" in this paper, type II migration is assumed to be 10 times slower than the classical model, taking into account uncertainty, in order to avoid apparent inconsistency between the predicted semimajor axis distribution and the RV data. Nevertheless, they still predicted the formation of too many hot jupiters and the 10 times reduction in type II migration speed is not justified.
On the other hand, in the population synthesis simulations by Alibert, Mordasini, and Benz (Mordasini et al. 2009a,b; Alibert et al. 2011 Alibert et al. , 2013 , referred to as "AMB") assumed that all the disk accretion flow is accreted by the planet without any impedance by the gap. 1 Then, the migration is linked to the planet growth and is quickly transferred to the planetdominated migration, which avoids the formation of too many hot jupiters, as shown in section 2.2. However, in this model, a gas giant in principle accretes most of the initial disk gas to acquire much larger gas mass than the upper limit of observed planetary masses (∼ 10M J ), except when the gas giant forms in a significantly depleted disk. AMB introduced strong external photoevaporation in order to avoid the formation of the very large gas giants. However, the assumption that the planet accretes the full amount of gas flow through the disk would not be justified. Tanigawa & Tanaka (2016) (hereafter "TT") discussed the details of the fraction of disk gas flow that is accreted by a planet (the accretion efficiency) and derived an analytical formula for this. As discussed in detail in section 2.2, they found that the efficiency is low for both sufficiently small and large planets. They also raised the important point that disk gas surface density in the disk regions interior to the planet orbit is decreased by the gas accretion onto the planet, in particular Jupiter-mass planets with high accretion efficiency. According to the depletion of the inner disk, type II migration turns into the relatively slow planet-dominated regime. However, for more massive planets, this reduction is not effective, while the RV data show that more massive planets stay beyond 1 au.
It is most likely that we have missed some important intrinsic physics of type II migration. Recently, Kanagawa et al. (2018) proposed a new physical interpretation and formula for type II migration, combining hydrodynamical simulations with broad ranges of parameters. In this paper, we discuss the impact of the new formula on the evolution of gas giants, while its validity of the new formula needs to be tested by follow-up simulations. We demonstrate that the new formula reconciles the inconsistency between the theoretical predictions and the RV data, if the global angular momentum transfer of the disk is dominated by the disk wind rather than the turbulent diffusion.
Recent non-ideal MHD simulations (e.g., Bai 2017) show that Magneto-Rotational Instability (MRI) is suppressed in most parts of the disk due to Ohmic dissipation, the Hall effect, and ambipolar diffusion. Observation of the HL Tau disk suggests that this is the case (Pinte et al. 2016; Hasegawa et al. 2017) , because the oblique image of the gaps in the disk do not show narrow parts due to stirred-up grains. However, the measured typical gas accretion rate onto classical T-Tauri stars is equivalent to α ∼ 10 −3 − 10 −2 in the case of turbulent diffusion (see section 2.1). Because it is likely that the actual turbulent strength, α vis , is much smaller than 10 −3 − 10 −2 in the MRI-inactive disks, it has been proposed that the MHD disk wind may be a main driver for global disk mass accretion (Bai et al. 2016; Suzuki et al. 2016) . The disk angular momentum is carried away by the wind rather than transferred to outer disk regions through turbulent viscous stress. The angular momentum transfer induces inward disk gas accretion, which is called "wind-driven accretion." We can define the equivalent alpha parameter, α acc , by the disk wind (Armitage et al. 2013) . Hasegawa et al. (2017) suggested that α vis may be one order of magnitude smaller than α acc and the disk accretion rate is determined by α acc , rather than α vis . Kanagawa et al. (2015) and Duffell (2015) showed that the gap depth is deeper for a smaller α vis and for a larger planetary mass M p . Because Kanagawa et al. (2018) proposes that type II migration is slower for a planet with a deeper gap, it is slower for smaller values of α vis and larger M p . On the other hand, disk lifetime is determined by the global disk accretion and is inversely proportional to α acc . It is expected that large gaseous planets do not undergo significant type II migration for α vis ≪ α acc . 2
In section 2, we summarize the classical formula of type II migration and its problems in reproduction of the observed distributions of gas giants. In section 3, we show how the new formula slows down the migration of planets with masses larger than Jupiter mass. We perform population synthesis simulations with the classical and new formulas in section 4, which show how the new model powerfully solves the inconsistency between the RV data and the classical model. Section 5 is a summary.
2 Alexander & Pascucci (2012) , Ercolano & Rosotti (2015) , and Jennings et al. (2018) proposed that a clear gap created by internal XUV photoevaporation truncates migrations of gas giants. Gas giants can be piled up beyond 1 au by this mechanism, if XUV flux is strong enough. However, the photoevaporation gap is independent of the planetary mass, while the model we propose here is the effect of the gap created by the planetary perturbations and the gap depth is sensitive to the planetary mass. The sensitive mass dependence of the pile-up found by the RV observations would be more consistent with our model, although more detailed comparison must be done.
Classical model of type II migration

Difficulty in surviving migration
In the classical model of type II migration, it is assumed that disk gas does not cross the gap. Then, the migration timescale of a giant planet located at r is simply give by (e.g., Hasegawa & Ida 2013) 
where M p is the planet mass, Σ is the unperturbed gas surface density (outside the gap), 2πΣr 2 is the total disk mass inside the planetary orbit at radius r (see below),Ṁ g is the disk accretion rate toward the host star, ν acc is the effective kinetic viscosity for disk accretion, represented by ν acc = α acc h 2 Ω = α acc (h/r) 2 r 2 Ω, h is the disk gas scale height, Ω is the Kepler frequency, and α acc is an alpha parameter for disk gas accretion. If turbulent viscous diffusion is dominant over the disk wind in disk angular momentum transfer, α acc = α vis . If the disk wind is dominant, α acc is an "effective" parameter determined by the disk wind and α acc > α vis .
We adopt the self-similar solution for disk evolution (Lynden-Bell & Pringle 1974). The gas disk surface density in the self-similar solution is given by
wheret = (t/t dep ) + 1 and r 0 is the initial disk radius, the subscript "0" represents values at r 0 , and t dep is the global disk depletion time (disk lifetime). The initial total disk mass is given by r 2πrΣdr ≃ 2πr 2 Σ at r ≪ r 0 . The disk accretion rate isṀ g ∼ 3πΣν acc ∼ 3πα acc (h/r) 2 r 2 Ω at r ≪ r 0 . For the disk accretion, α acc must be used. Observationally, it is inferred that α acc ∼ 10 −3 − 10 −2 as below. We use the disk accretion rateṀ g as a parameter and Σ is calculated bẏ
In the paper, the disk aspect ratio is given simply by h/r ≃ 0.03(r/1 au) 1/4 . Assuming the selfsimilar solution, Σ ∝ r −1 exp(−r/r 0 ), the total disk mass is ∞ 2πΣrdr = 2πr 2 0 Σ 0 . Then, the global disk depletion timescale is given by
In the last equation, we used h/r ∝ r 1/4 . Because observation of IR excess shows t dep ∼ a few × 10 6 yr and r 0 ∼ O(10 2 ) au may be a reasonable value (e.g., Williams & Cieza 2011) , α acc is estimated to be ∼ 10 −3 − 10 −2 . The value of α acc is constrained by the observation, while α vis is theoretically estimated.
As we already pointed out, it is recently suggested that MRI in the disks is usually weak due to non-ideal MHD effects and that wind-driven accretion is responsible for the global disk depletion. In that case, α vis by turbulent viscous diffusion is much smaller than the effective α acc by the disk wind (Armitage et al. 2013) . Hasegawa et al. (2017) theoretically evaluated that α vis ∼ 0.1 α acc . 3 In the case of wind-driven accretion, the surface density gradient may be less steep than Eq. (3), but in our discussions here, we just use Σ ∼Ṁ g /(sevaral × ν acc ) and t dep ∼ (disk mass)/Ṁ g at r ∼ 1 − 10 au, which would not be changed.
From Eqs. (2) and (5),
Because usually r ≪ r 0 , it is predicted that t mig2,cl /t dep ≪ 1. The only exception is an extremely depleted phase with 2πΣr 2 /M p < r/r 0 ≪ 1. Its contribution to the total migration is very limited. Therefore, in the classical model, it is predicted that gas giants usually undergo significant type II migration (e.g., Ida & Lin 2008; Hasegawa & Ida 2013; Bitsch et al. 2015) . Note that α acc cancels out in Eq. (7) and the conclusion here is independent of α acc and α vis . We discuss another possibility to avoid significant type II migration in the next subsection.
Competition between migration and growth
If the inner disk mass is reduced by external photoevaporation (AMB) or by accretion onto the planet (Tanigawa & Tanaka 2016) , the planet-dominated migration starts earlier and the total migration distance becomes smaller. Planet-dominated migration is also realized, if the growth due to gas accretion always dominates over the migration. This is another possibility to avoid significant type II migration. To examine this possibility, the growth timescale (t grow ) and migration timescale (t mig2 ) are compared. We will show that RV data cannot be reproduced as long as the classical migration formula is used.
The critical core mass, beyond which hydrodynamic pressure no longer supports the gas enve-lope against the planetary gravity, is given by (e.g., Ikoma et al. 2000) M crit ≃ 10 Ṁ c
whereṀ c is a solid core accretion rate and k1 ∼ 0.2 − 0.3. Growth of a gas giant through gas accretion onto the planet is regulated by Kelvin-Helmholtz (KH) quasi-static contraction of the gas envelope until the growth becomes so rapid that the supply of disk gas regulates the growth. The mass growth rate in the KH phase is given by (e.g., Ikoma et al. 2000; Ikoma & Genda 2006) 
where
with k2 ∼ 2.5 − 3.5. For simplicity, we adopt k2 = 3 and κ = 1 cm 2 /g according to IL. AMB solved 1D internal structure, but they also obtained the solution that can be fitted by a similar power-law as Eq. (10) with slightly smaller values of k2. Since gas accretion onto the planet is mostly regulated by the supply from the disk as we will show below, the difference does not affect the results here. With k2 = 3 and κ = 1 cm 2 /g,
For M p 50M ⊕ , the above accretion rate exceeds the typical disk gas accretion rate around CTTSs (∼ 10 −8 M ⊙ /yr).
IL assumed that the gas accretion rate onto the planet vanishes after the gap opening in the protoplanetary disk. The gap is opened when both the thermal condition,
where r H is the Hill radius of the planet (r H = (M p /3M * ) 1/3 r), and the viscous condition,
are satisfied (Lin & Papaloizou 1993; Crida et al. 2006) , where M * is the mass of the host star and ν vis = α vis (h/r) 2 r 2 Ω is the turbulent viscosity. Because the thermal condition generally requires a larger planetary mass, Ida et al. (2013) imposed a gas supply limit to the planet due to the gap opening asṀ p,gap ∼Ṁ g exp(−M p /M p,th ), where M p,th ∼ 120(r/1au) 3/4 M ⊕ that is equivalent to r H ∼ 2h. That is, the IL formula for gas accretion rate onto a planet is
Fig. 2.-Timescale of classical type II migration (t mig2,cl ) is compared with that of growth through gas accretion of a planet (t grow ) at 3 au, as a function of the planet mass. The left, middle, and right panels show t grow by the IL, AMB, and TT growth formulas, respectively. The global depletion timescale t dep = 3 × 10 6 yrs derived from α acc = 3 × 10 −3 and r 0 = 100 au is also plotted. The disk accretion rateṀ g = 10 −8 M ⊙ /yr is assumed.
In the left panel of Fig. 2 , we plot t mig2,cl given by Eq. (2) and the growth timescale defined by t grow = M p /(dM p /dt) with the IL formula (Eq. 14). The gradual increase in t mig2,cl for M p M J ≃ 300M ⊕ is the effect of the planet-dominated regime. For M p < 40M ⊕ , the Kelvin-Helmholtz contraction is a bottleneck. Otherwise, the supply limit is more important. In the range of M p ≃ 20M ⊕ − 200M ⊕ , t grow < t mig2,cl and the planet does not actually start migration until it grows up to M p ≃ 200M ⊕ . Because the growth timescale at M p ≃ 200M ⊕ is a few ×10 5 yrs and it is still 10 times shorter than t dep , the planet should further grow through accretion of gas (except in the case where the core of the gas giant is formed after the disk gas is highly depleted) to enter the migration-dominated phase (t grow > t mig2,cl ) and eventually undergo significant migration.
The mass and semimajor axis evolution of planets with the classical type II migration formula (Eq. 2) and the growth formula given by Eq. (14) is shown in the left panel of Fig. 3a . As shown in the left panel of Fig. 2 , after M p exceeds ∼ M p,th , the growth rate decays and the migration dominates (t mig2 ≪ t grow , t dep ). Since M p,th ∼ 120(r/1au) 3/4 M ⊕ , the transition mass for migration-dominance increases with r. In this plot, all the planets migrate to the innermost regions of a < 0.1 au except in the case starting at 100 au. Therefore, IL needed to introduce an artificial slowdown factor in order to retain gas giants in the outer regions.
The timescales and evolution paths with the AMB growth formula are shown in the middle panels of Figs. 2 and 3a. AMB assumed that the gas accretion rate onto the planet is always TT Fig. 3 .-Theoretical predictions of migration and growth of planets due to gas accretion onto the planets with initial semimajor axes 1, 3, 10, 30 and 100 au. In the upper panels (a), the left, middle, and right panels are the results with the growth formulas by the IL, AMB, and TT, respectively. In the middle panels, the dashed lines are the results with a planet-dominated factor by a factor of π larger than the nominal one in Eq. (2). In the lower panels (b), the growth rates are reduced by a factor of 5 (see the discussion in section 2.3). In all cases, the initial masses are 20M ⊕ , α acc = 3 × 10 −3 , α vis = 3 × 10 −4 , t dep = 3 × 10 6 yrs, andṀ g = 10 −8 M ⊙ /yr. equal toṀ g = 3πΣν acc that is not impeded at all by the gap. After the second term in the numerator in Eq. (1) becomes dominant and the migration is transferred to planet-dominated one,
, that is, d log M/d log a ≃ −1 (solid curves in the middle panel of Fig. 2) . Note that AMB adopted the planet-dominated term that is a factor π larger than that in Eq. (2) to obtain d log M/d log a ≃ −π in their simulations (the dashed curves in the middle panel of Fig. 3) . 4 In the AMB growth formula, t grow is always t mig2,cl and growth is dominant, as shown in the middle panel of Fig. 3a .
The AMB growth formula assumes the extreme limit of fast planetary growth rate. Because all the disk accretion flow is captured by the planet in their formula and most of disk mass initially resides in outer regions, the planet's mass inevitably becomes comparable to the initial total disk mass. It would be much more than 10M J , which is the upper limit of exoplanet mass inferred from RV observations. To truncate the planetary growth, strong external photoevaporation was introduced in the AMB formula. But, because truncation of planet growth due to gas accretion is equivalent to truncation of migration, hot jupiters with a 0.1 au are scarcely formed (Alibert et al. 2013) . Furthermore, it is not clear if external photoevaporation is responsible for disk gas depletion in most of disks.
While the AMB formula assumed fully unimpeded gas accretion flow onto the planet, hydrodynamical simulations (e.g., D 'Angelo et al. 2003; Machida et al. 2010) show that the accretion flux from the protoplanetary disk to the planet decreases as the planet mass increases and the gap becomes deeper (also see the discussion in section 2.3). 5 Small-mass embedded planets cannot capture all the disk gas flow either.
TT proposed that the gas accretion rate onto the planet is determined by the local gas surface density in the accretion band. They derived the maximum accretion rate of a relatively small planet that is embedded in the disk gas aṡ
For M p significantly smaller than M J ,Ṁ p,nogap <Ṁ g . The planet accretion rateṀ p,nogap increases with M p . TT found that when the planet becomes massive enough to open up a gap in the disk, the accretion rate is significantly reduced from the above formula. The growth timescale and evolution paths by the TT formula are shown in the right panels of Figs. 2 and 3. To explain the TT formula, we summarize the recent understanding on the gap opening in the next subsection.
Gap opening
The accretion flux onto the planet in a gap is obtained by replacing the unperturbed surface density Σ by the local surface density at the accretion band (TT). Recent hydrodynamical simulations (Duffell & MacFadyen 2013; Fung et al. 2014; Kanagawa et al. 2015) show that the gap is wide enough that the local surface density at the accretion band is approximated by the surface density at the bottom of the gap (Σ min ), and Σ min is given by
This gap depth factor K is related to the theoretical arguments of the thermal and viscous conditions for the gap opening. Since the gap opening is affected by turbulent viscous diffusion, α vis is used here. Equations (12) and (13) are equivalent to
The gap depth factor K is proportional to K t K ν .
Accordingly, TT proposed that f localṀg limits the growth rate, where f local is the accretion efficiency given by 6 f local = Ṁ p,nogap
We add the Kelvin-Helmholtz contraction term and here the TT formula is defined by
Before the gap opening (0.04K ≪ 1), f local increases with M p , because the planetary gravity becomes stronger. However, once the gap opening becomes important at 0.04K > 1, that is, 
f local decreases as M p increases, because of the surface density depletion in the accretion band associated by the gap opening. In this case, f local is approximated by
As we pointed out, the gap is deeper for lower α vis , while the gas accretion rate through the disk is proportional to α acc . Accordingly, the accretion efficiency f local is proportional to α vis /α acc .
While TT implicitly assumed α vis = α acc , the local supply limit is very important in the case of α vis ≪ α acc , when the gap is deep 7 . For α vis /α acc ∼ 1/10, which is consistent with analysis of the disk wind and MRI by Hasegawa et al. (2017) , the local supply limit becomes already important (f local < 1) when M p 0.15M J at 3 au.
The growth timescale by the TT formula is shown in the right panel of Fig. 2 , which is more similar to the IL formula than to the AMB one: t grow > t mig2,cl for M p 100M ⊕ at 3 au. It suggests that a planet formed at ∼ 3 au undergoes significant migration when M p becomes 100M ⊕ , which is clearly shown in the right panel of Fig. 3a .
Previous models implicitly assumed that most of the disk gas entering the planetary Hill sphere is accreted by the planet, based on the results of isothermal hydrodynamical simulations. Kurokawa & Tanigawa (2018) and Lambrechts et al. (2018, in prep.) performed non-isothermal hydrodynamical simulations for an embedded planet to find that gas flow is prevented from entering deep regions of the planetary atmosphere by the non-isothermal effect. Szulágyi et al. (2016) and Szulágyi & Mordasini (2017) showed that the gas flow onto a circumplanetary disk around a jupitermass planet is meridional circulation and a significant fraction of infalling gas is lost from the outer part of the disk. These results could suggest a lower accretion rate in the non-isothermal case than in the isothermal case. Simulations with low resolution near the Hill radius also tend to show a higher accretion rate (Tanigawa & Watanabe 2002) . Considering these possibilities, we tested the cases with the disk gas supply rates reduced by a factor of 5 in Fig. 3b . Because the growth is slowed down, the migration becomes more dominant and type II migration becomes more significant, which makes the problem more serious. Even with the AMB formula, t mig2,cl becomes shorter than t grow and all the gas giants significantly migrate.
As we have shown in section 2.2, as long as the classical formula is adopted, t mig2,cl < t grow or, at most, t mig2,cl ∼ t grow . In other words, type II migration is significant except for the extreme case where all the gas flow through the protoplanetary disk is assumed to be accreted by the planet as in the AMB formula. The most recent TT formula shows that only a fraction of the gas accreting through the disk is accreted by the planet (f local < 1) for M p 0.1(r/1au) 3/8 M J (see Eq. 25).
However, with the new formula of type II migration has been proposed by Kanagawa et al. (2018) , the serious problem of type II migration can be solved. TT suggested that the disk mass interior to the planet is reduced by gas accretion onto the planet by a factor of (1 + f local ). If it is in the planet-dominated regime, type II migration is slowed down by the same factor. We will show that type II migration is sufficiently slowed down by the new formula even without taking this effect into account.
New model of type II migration
Recent hydrodynamic simulations (e.g., Duffell et al. 2014; Dürmann & Kley 2015) argued that type II migration of a gap-opening gas giant is not tied to disk gas accretion. By carrying out 2D hydrodynamic simulations in a broad range of parameters, Kanagawa et al. (2018) confirmed this argument and constructed an empirical formula for the migration speed of the gap-opening planet. For α vis ∼ α acc , the new formula is consistent with other simulations in the literatures. On the other hand, it shows a significant slowdown of type II migration for α vis ≪ α acc and for gas giants with M p M J . The new formula needs to be confirmed by detailed follow-up simulations. Here we investigate its impact on evolution of gas giants, assuming that it is correct. Kanagawa et al. (2018) 's formula indicates that the migration of the gap-opening planet is decoupled from the disk gas accretion and it is determined by the disk-planet interaction with the gas at the bottom of the gap. According to their empirical formula for the migration speed of the gap-opening planet, the type II migration timescale is nothing other than the (corotation-torque saturated) type I migration timescale with the reduced gas surface density (Σ min ) in the gap,
where t mig1 is the type I migration timescale given by Kanagawa et al. (2018) showed that c ∼ 1 − 3 and the above t mig1 is consistent with the isothermal formula for type I migration by Tanaka et al. (2002) . For planets that undergo type I migration, Σ min ∼ Σ. Planet masses that undergo type II migration would be well above the masses affected by non-saturated corotation torque (e.g., Paardekooper et al. 2011) . Thus, with their formula, type I and type II migrations are continuous and the uncertainty on switching from type I migration to type II migration, which has long been one of the big ambiguities in population synthesis simulations, is resolved. Fig. 4 .-Theoretical predictions of type II migration timescales at 3 au with α acc = 3 × 10 −3 , as a function of the planet mass (M p ). The classical formula is represented by the red curve and the new formula is represented by the magenta curves for α vis = 10 −4 , 3 × 10 −3 and 10 −4 . The disk accretion rate,Ṁ g = 10 −8 M ⊙ /yr, is assumed. The global depletion timescale t dep = 3 × 10 6 yrs with α acc = 3 × 10 −3 and r 0 = 100 au is also plotted. 
TT
Eq. (31) as well as t mig2,cl . With the classical formula, the migration timescale gradually increases with M p for M p M J , with the effect of the planet-dominated regime. However, with the new formula, the migration timescale increases more rapidly with M p and is much larger than that with the classical formula, in particular, for smaller values of α vis . The left, middle, and right panels of Figure 5 show that the new migration timescale t mig2,new is longer than the growth timescales with the IL, AMB, and TT formulas, respectively, in the range of t < t dep except in the initial Kelvin-Helmholtz contraction phase with M p < 20M ⊕ .
Figures 6a shows the mass and semimajor axis evolution of giant planets with the new type II migration formula. The left, middle, and right panels show the results with the IL, AMB, and TT formulas for planetary growth. Type II migration is almost negligible for all the results. Even if the reduction factor of 5 is applied for the disk gas supply rates, most of gas giants survive against type II migration (Fig. 6b) .
The TT formula uses the scaling law for the accretion band and Σ min given by Eq. (17) for the accretion band gas surface density. Because the new type II migration formula also uses Σ min as in Eq. (26), the TT formula could be more consistent with the new formula. However, the scaling law for the accretion band is based on the local Hill's approximation ((M p /M * ) 1/3 ≪ 1) and it is not accurate enough for massive planets. Actually, TT pointed out that their predicted gas accretion rate onto the planet is larger than that obtained by the previous hydrodynamical simulation results (D'Angelo et al. 2003; Machida et al. 2010) for M p ∼ M J , while they are consistent for M p < M J . The previous hydrodynamical simulations did not simulate the cases of M p > M J . Figure 1 of TT may indicate that f local decreases more rapidly with M p for M p > M J than their formula. In that case, the TT growth formula becomes similar to the IL one. Thus, an actual gas accretion rate onto the planet still includes uncertainty for M p > M J and could be between the TT and the IL models (the possibility of eccentric disks also exists, as pointed out in the footnote 2 in section 2.2). Detailed hydrodynamical simulations are needed for M p > M J .
In Figs. 6a and b, we also plot the results with the IL and AMB formulas in addition to those with the TT formula. While the details are different, all the plots show slowdown of migration for planets with M p M J . Thus, the pile-up of gas giants beyond 1 au will be robustly reproduced if the new type II migration formula is justified and α vis ≪ α acc .
Population synthesis simulations
So far, our discussions started from cores with M p = 20M ⊕ . In this section, we show the results of planet population synthesis simulations with the classical and new type II migration formulas. Planet population synthesis calculates planetary growth and migration from small planetesimals, combining planetesimal accretion, gas accretion onto the planet, type I and II migrations, and planet-planet scattering.
Detailed prescriptions of the simulations are described in Ida et al. (2013) , except the new formula of type II migration. We adopt the classical planetesimal accretion model. The calculation with pebble accretion requires a model of detailed disk structure and its evolution, which is left for future work. We set embryos with an initial mass of 10 20 g with orbital separations of ∼ 10 r H of the classical isolation mass (Kokubo & Ida 1998 )-which means that the embryos are placed with a log uniform distribution-in a range of 0.05-20 au (planetesimal accretion is very slow beyond 20 au). We use the self-similar disk model (Eq. 3). The gas surface density at 10 au is distributed in a range of [0.1,10] times the minimum-mass solar nebula model (Hayashi et al. 1985 ) with a log-normal function for the solar-mass host stars. The host star mass and the initial metallicity of the disk are distributed in ranges of [0.8,1.25]M ⊙ with a log-normal function and [-0.2,0.2] dex with a normal function.
To highlight the effect of the new type II migration model, we use the simple IL model for the gas giant growth and type I migration timescale that is given by 30 t mig1 where t mig1 is given by Eq. (27). In the new type II migration formula (Eq. 28), the reduction of the factor 30 is not applied. This treatment is inconsistent with the continuous transition from the isothermal type I migration formula to the new type II migration formula. However, for low-mass planets, if the isothermal type I migration formula is directly applied, cores are removed and gas giants are scarcely formed (e.g., Ida & Lin 2008; Mordasini et al. 2009a ). Here we use the migration timescale as t mig = [1/(30 t mig1 ) + 1/t mig2,new ] −1 . Recently, slowdown of the migration for low-mass planets from the isothermal formula has been actively discussed. For example, Paardekooper (2014) proposed that type I migration is significantly slowed down by dynamical corotation torque in the case of very low α vis . Ogihara et al. (2017) argued that the disk wind decreases the gas surface density in the inner disk regions and type I migration can be significantly slowed down. In this paper, we do not go into details on the slowing down of type I migration. For a growth model of gas giants, we use the IL growth formula (Eq. 14) rather than that of TT (Eq. 22). As we mentioned in section 3, the realistic model could be between these. With the TT growth formula, population synthesis simulations produce gas giants with much more massive even in the close-in region, which is inconsistent with the observations, unless strong external photoevaporation is applied, such as in the AMB formula. Figure 7 shows the results of planet population synthesis simulations of 3000 systems around solar-type stars. In the upper panel, we use the classical type II migration formula without any artificial reduction. As discussed in section 3, gas giants significantly migrate toward the host star except a small fraction of the planets that were formed in the dissipating disks. In the results of Ida et al. (2013) , the type II migration speed was artificially reduced by a factor of 10 from the classical formula, as already pointed out.
In the lower panel, we use the new type II migration formula with α acc = 3 × 10 −3 and α vis = 3 × 10 −4 . No artificial reduction is applied in the type II migration speed. The concentration of gas giants at ∼ 0.5−5 au is pronounced, which is consistent with the RV observation data. In the calculations, the snowline is simply set at r snow = 2.7(M * /M ⊙ ) au, assuming optically thin disks. Fig. 7. -Results of planet population synthesis simulations of 3000 systems around solar-type stars. In the upper panel, the classical type II migration formula without artificial reduction in speed is used, while the new type II migration formula is used in the lower panel. For the processes of planet formation other than the type II migration, we follow the prescriptions in Ida et al. (2013) . The red, blue, and green dots represent gas, icy, and rocky planets. We use α acc = 3 × 10 −3 and α vis = 3 × 10 −4 .
Because the solid surface density is enhanced beyond the snowline, cores large enough for runaway gas accretion emerge there before the disk gas is depleted. With a small migration of both type I and II, the final gas giants are concentrated at ∼ 0.5 − 5 au.
Hot jupiters are formed by in situ gas accretion onto the cores that undergo type I migration or by relatively faster type II migration of sub-jupiter-mass planets. In our result, the gaseous planet mass is lower in the close-in region than in the outer region, which is also consistent with the observations. We also performed a simulation with the new type II migration formula taking into account the effect of inner disk gas depletion due to accretion onto the planet, proposed by TT. The planet distribution is very similar to the lower panel of Figure 7 except for more depletion of massive giant planets at a 0.5 au, which is more consistent with the RV data (Fig. 1) .
Summary
The mass and semimajor axis distribution of gas giants in exoplanetary systems is produced by complicated processes of competition between core formation and type I migration and that between gas accretion onto the planets and type II migration in evolving gas disks. As explained in this paper it is very hard for theoretical predictions with the classical type II migration model to explain the RV data of gas giants in exoplanetary systems, in particular, the pile-up of superjupiter-mass planets beyond 1 au and the broad semimajor axis distribution of sub-jupiter-mass planets from 0.03 au to beyond 1 au. Here, we have demonstrated that the newly proposed type II migration model predicts the distribution of gas giant planets, consistent with the RV data. While the classical model assumed that planetary migration is tied to global gas accretion through the disk, recent high-resolution simulations show that the gap is not clear enough and the migration of the gap-opening planet is decoupled from the global disk gas accretion (Duffell & MacFadyen 2013; Duffell et al. 2014; Fung et al. 2014; Kanagawa et al. 2015) . According to this new picture, a new type II migration formula was proposed by Kanagawa et al. (2018) where they argued that type II migration speed is nothing other than isothermal type I migration speed with the reduced disk gas surface density in the gap. We investigated the evolution of gas giants with the new type II migration formula by comparing the migration timescale with the growth timescale of gas giants and disk lifetime and by performing population synthesis simulation.
We found that this new formula significantly slows down type II migration for super-jupitermass planets that produce deep gaps. If the alpha parameter for turbulent diffusion (α vis ) is small enough compared with the effective alpha for global transfer of disk angular momentum and mass (α acc ), which can be accounted for by the disk wind (wind-driven accretion), most of super-jupitermass gas planets remain at ∼ 0.5 − 5 au without any significant migration from their birthplaces. Thus, the new type II migration formula may solve the problem of the observed pile-up of gas giants at a 1 au.
To reinforce our conclusion, more detailed follow-up fluid dynamical simulations are needed to test the new type II migration formula. More detailed simulations are also needed to investigate the growth rate of super-jupiter-mass planets regulated by gas supply across the gap and to evaluate the relevant values of α acc by the disk wind and α vis due to turbulence from non-ideal MHD effects.
